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The recombinant coat protein (CP) of Sesbania mosaic virus (SeMV; genus Sobemovirus) was found to self-assemble into
capsids encapsidating 23S rRNA and CP mRNA in Escherichia coli. The CP lacking 22 amino acids from the N-terminus
assembled into stable T 5 3 capsids that appeared similar to SeMV, indicating that the N-terminal 22 amino acid residues
are dispensable for T 5 3 assembly. Two distinct capsids, T 5 1 and pseudo T 5 2, were observed when the N-terminal 36
amino acids encompassing the arginine-rich motif (N-ARM) were removed. Only T 5 1 particles were observed upon deletion
of 65 amino acids from the N-terminus, which also included the sequence element for the b-annulus. These results reveal
that N-ARM acts as a molecular switch in regulating T 5 3 assembly. Formation of stable pseudo T 5 2 particles shows that
pentamers of AB dimers could nucleate assembly at icosahedral-5-folds. Capsids assembled from the N-terminally truncated
proteins also encapsidated 23S rRNA and CP mRNA, suggesting the presence of sites outside the N-terminal 65 residues
that may be involved in RNA–protein interactions. © 2002 Elsevier Science
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The icosahedral arrangement of protein subunits in
the protein shell which encapsidates the genomic nu-
cleic acid is a common architecture of most spherical
viruses (Caspar and Klug, 1962). X-ray crystal structures
of several isometric viruses have provided insights into
the nature of inter-subunit and protein–nucleic acid in-
teractions. There is substantial variation in the nature of
the interactions that govern the capsid stability among
different spherical viruses, although the polypeptide
folds might be similar (Liljas, 1999). Hence, it is likely that
the mechanisms of assembly of these viruses are also
different.
Sesbania mosaic virus (SeMV) is a member of sobe-
movirus group that infects Sesbania grandiflora. It con-
sists of a monopartite, single-stranded positive-sense
RNA genome of 4149 nucleotides (Lokesh et al., 2001)
encapsidated in an icosahedral protein shell made up of
180 identical coat protein (CP) subunits with a molecular
weight of 28,000. The primary structure of the SeMV CP
was determined initially by amino acid sequencing
(Gopinath et al., 1994) and later deduced from the nucle-
otide sequence of the RNA genome. The CP sequence
has 62% identity with Southern cowpea mosaic virus
(SCPMV, genus Sobemovirus, earlier known as Southern
bean mosaic virus, cowpea strain), which is the type
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211member of the sobemovirus group. The crystal structure
of the SeMV determined at 3 Å resolution (Bhuvanesh-
wari et al., 1995) revealed close similarity to the structure
of SCPMV (Abad-Zapatero et al., 1980). In accordance
with the theory of quasi-equivalence (Caspar and Klug,
1962), the chemically identical CP subunits are present
in three quasi-equivalent conformations, namely A, B,
and C. The A subunits interact at the icosahedral five-fold
axes to form 12 pentamers; B and C subunits interact at
the icosahedral three-fold axes to form 20 hexamers. No
significant electron density was observed for the first 71
amino acids of the N-terminal region in A and B subunits
in SeMV. However, the N-terminal arm of the C subunit
was more ordered and the polypeptide could be traced
from residue 46. The N-terminal arms of C subunits
interact with each other and also with the nucleic acid to
form a structure called b-annulus that stabilizes the cap-
sid structure at the quasi six-fold axes (Sorger et al.,
1986). Reassembly studies of SCPMV using lithium chlo-
ride dissociated CP have shown that the CP could be
reversibly assembled into T 5 3 (60 3 3 subunits) or T 5
1 (60 subunits) particles depending upon the size of the
RNA, pH, and divalent metal ions (Savithri and Erickson,
1983). The N-terminal 61 residues of SCPMV CP could be
cleaved by mild trypsin treatment of either swollen viri-
ons or completely dissociated protein. The CP lacking 61
residues from N-terminus was able to self-assemble into
35S particles with T 5 1 structure in the absence of RNA
(Erickson and Rossmann, 1982; Erickson et al., 1985).
Similarly, SeMV could be reassembled into T 5 3 parti-
cles from isolated coat protein and RNA. However, the
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212 LOKESH ET AL.intact SeMV CP failed to assemble into capsids in the
absence of the RNA, emphasizing the role of RNA–
protein interactions in the assembly of the virus (Gopi-
nath et al., 1994).
The amino acid sequence at the N-terminus (first 60
residues) of sobemoviruses is not well conserved, al-
though the basic nature is retained (Fig. 1A). The N-
terminus of SeMV consists of a motif RRRNRRRQR with
seven arginine residues in a stretch of nine amino acids.
This motif has been termed as the arginine-rich motif
(N-ARM) and is also present in the coat proteins of other
sobemoviruses, Brome mosaic virus (BMV, genus Bro-
movirus), Cucumber mosaic virus (CMV, genus Cucumo-
virus), and several other viral coat proteins (Schmitz and
Rao, 1998). It has been postulated that this motif interacts
FIG. 1. (A) Multiple sequence alignment of the N-terminal region in th
N-terminal arginine-rich motif (N-ARM) is boxed. Arrow indicates the p
in each of the deletion mutants of SeMV CP. The amino acid sequ
underlined. (B) Expression of SeMV CP in E. coli cells. BL21 (DE3) cells
induced with 0.3 mM IPTG for 3 h at 30°C. The cell lysate was analyzed
lysates in the absence of pSBETA; lanes 3 and 4, uninduced and induce
purified from infected plants (C) SDS–PAGE analysis of the recombinan
coli were purified as described under Materials and Methods. The pu
purified from infected plants; lanes 2, 3, 4 and 5, rCP, CPN22, CPN36
molecular weight markers.with the RNA and contributes to the stability of the
capsid. In the present study, the role of N-ARM of SeMVCP in the assembly/stability of the capsids was investi-
gated. We report for the first time that the capsid protein
of SeMV expressed in Escherichia coli is capable of
encapsidating 23S ribosomal RNA of host origin and
assembles into T 5 3 icosahedral capsids. Further, we
have generated three deletion mutants that lack 22, 36,
and 65 amino acid residues from the N-terminus of the
SeMV CP (Fig. 1A). The N-ARM is retained in the N22
deletion mutant but not in the N36 deletion mutant. In the
N65 deletion mutant, the residues involved in the forma-
tion of N-ARM as well as the b-annulus are removed. All
these truncated proteins were expressed in E. coli and
the role of N-terminal segments in capsid assembly and
RNA–protein interactions was studied. The results indi-
cate that the N-ARM dictates the size of the assembled
proteins of sobemoviruses. The basic amino acids are shaded and the
of the residue up to which the N-terminal amino acids were removed
onfirmed by N-terminal sequencing of the corresponding protein is
ormed with prCP alone or cotransformed with prCP and pSBETA were
S–PAGE (12% polyacrylamide). Lanes 1 and 2, uninduced and induced
es in presence of pSBETA; lane 5, marker; lane 6, SeMV native capsids
purified from E. coli. The rCP and its deletion mutants expressed in E.
Ps were analyzed by 12% SDS–PAGE. Lane 1, SeMV native capsids
PN65 recombinant capsids purified from E. coli, respectively; lane 6,e coat
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rified Cparticles. In its presence T 5 3 particles are formed, in
its absence pseudo T 5 2 and T 5 1 particles are
213ASSEMBLY OF SESBANIA MOSAIC VIRUSformed. Only T 5 1 particles are formed when both the
N-ARM and the b-annulus are removed. Further, all the
mutant capsids encapsidate RNA. Thus, N-terminal 65
amino acid segment is not the only region involved in
RNA–protein interactions.
RESULTS
Expression of SeMV CP and its N-terminal deletion
mutants in E. coli
The full-length SeMV CP was expressed in E. coli
using the T7-based expression system (Studier and Mof-
fatt, 1986) and analyzed by SDS–PAGE (Fig. 1B). The
recombinant SeMV CP (rCP) comigrated with the native
SeMV CP as a band corresponding to a molecular
weight of 29 kDa. It was observed that the protein was
produced at low levels in the uninduced E. coli cells (Fig.
1B, lane 1) and did not increase upon induction (Fig. 1B,
lane 2). It has been observed that eukaryotic proteins are
sometimes expressed at low levels in E. coli due to the
presence of infrequently used arginine codons such as
AGG and AGA (Rosenberg et al., 1993). AGA and AGG
codons are translated by rare tRNAarg4 encoded by argU
gene in E. coli (Spanjaard et al., 1990). Inspection of the
SeMV CP gene revealed the presence of several AGA
and AGG codons and two consecutive AGG codons were
present at the N-terminus. Five- to tenfold increase in the
level of expression was observed upon expressing
SeMV CP in the presence of the helper plasmid pSBETA
containing the argU gene (Schenk et al., 1995) (Fig. 1B,
lanes 3 and 4). To evaluate the role of N-terminal argi-
nine-rich motif, three deletion mutants lacking either 22,
36, or 65 amino acids from the N-terminus were con-
structed and expressed in the presence of the helper
plasmid pSBETA as described under Materials and
Methods.
Self-assembly of rCP and the deletion mutants of CP
In sobemoviruses, the dissociated CP subunits are
capable of reassembling into T 5 3 virus-like particles
(VLPs) in the presence of genomic RNA (Savithri and
Erickson, 1983; Gopinath et al., 1994). Therefore, it was of
interest to test whether the E. coli expressed SeMV CP
(rCP) is capable of forming capsid structures or VLPs that
encapsidate RNA. If protein subunits assemble into cap-
sids, it will be possible to isolate capsids free of other
proteins by differential centrifugation. The rCP and the
deletion mutant proteins CPN22, CPN36, and CPN65
were purified from the soluble fraction of the E. coli
extract as described under Materials and Methods. All
the recombinant proteins could be purified to homoge-
neity by procedures involving differential centrifugation,
suggesting that they assembled into capsids or VLPs
(Fig. 1C, lanes 2–5). The yield of rCP capsids was 25–40
mg/l. The N-terminal sequences of the rCP and thedeletion mutant CPs were determined after transferring
the corresponding protein bands to polyvinylidene di-
flouride (PVDF) membranes. The sequences obtained
were in agreement with the expected sequences (Fig.
1A). Purified capsids of rCP and the deletion mutants
were analyzed on 0–30% linear log sucrose gradient
along with SeMV native T 5 3 capsids and T 5 1 capsids
prepared by trypsin digestion. The rCP capsids nearly
cosedimented with SeMV native capsids, suggesting
that they may have T 5 3 symmetry encapsidating a
substantial amount of nucleic acid of host origin (Fig. 2).
The sedimentation coefficient of the rCP capsids was
124S, which is higher than that of the native SeMV
FIG. 2. Sucrose density gradient analysis of purified recombinant
capsids from E. coli. Linear logarithmic gradients of sucrose were
prepared in 32-ml centrifuge cups as described by Brakke and van Pelt
(1970). About 200 mg each of the purified capsids and standards were
layered on top of the gradient and centrifuged in a Beckman type SW28
rotor at 140,000 g for 6 h at 4°C. After centrifugation a tubing of 2-mm
diameter was gently inserted to the bottom of the gradient tube and the
sample was sucked at 3 ml/min using a HPLC pump and passed
through a Shimadzu HPLC spectrophotometric monitor connected on-
line to an integrator/recorder. The absorbance was monitored at 280
nm and from the elution time of the protein peaks, the distance traveled
from the top of the gradient was calculated. The apparent S values of
the recombinant capsids was determined from a plot of log D vs log S
using SeMV (114S), PhMV-B (117S), PhMV-T (55S), and thyroglobulin
(20S) as standards (inset).capsids (114S). The CPN22 capsids cosedimented with
native SeMV capsids (118S, Fig. 2). These results sug-
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for T 5 3 capsid assembly. Deletion of N-ARM as in
CPN36 led to the formation of two distinct peaks with S
values of 76S and 42S, respectively (Fig. 2). CPN65 cap-
sids lacking the N-ARM as well as the b-annulus cosedi-
mented with T 5 1 particles derived from SeMV after
trypsin treatment (Fig. 2).
Electron microscopy of the assembled recombinant
capsids
The 124S rCP capsids appeared spherical and bigger
than native virions and were found to have a diameter of
30.5 6 2 nm compared to 27 6 1 nm of the native virions
(Figs. 3A and 3B). The slightly larger diameter observed
for rCP particles agreed with their higher S value (Table
2). The CPN22 capsids (Fig. 3C) showed uniform parti-
cles of a diameter of 25.5 6 2.5 nm. Thus, deletion of the
22 residues from the N-terminal of CP resulted in the
formation of T 5 3 particles that were more compact. The
FIG. 3. Electron micrographs of purified capsids at 100,0003 mag-
nification (see Materials and Methods). (A) Native capsids, (B) rCP
capsids, (C) CPN22 capsids, (D) CPN36 capsids, (E) CPN65 capsids, (F)
SeMV T 5 1 capsids (prepared by trypsin treatment). Box represents
100 nm.electron micrographs of CPN36 capsids showed a mix-
ture of particles with approximate diameters of 22 6 1.6and 17.5 6 1.5 nm (Fig. 3D). Electron micrographs of the
76S particles isolated by density gradient centrifugation
showed particles of 22 6 1.6 nm in diameter (data not
shown). The 42S CPN65 capsids (17.5 6 1.6 nm) were
comparable in diameter to the T 5 1 particles of SeMV
(18.5 6 1.0 nm, Figs. 3E and 3F) obtained by trypsin
treatment.
Nucleic acid encapsidation in recombinant capsids
The native virions contain 24% RNA (w/w, genomic,
and subgenomic RNAs) encapsidated in the capsid
shell. Sedimentation coefficients and electron micro-
graphs suggested that the nucleic acid is encapsidated
by recombinant capsids also. To examine the nature of
the nucleic acid encapsidated, equivalent amounts of
native, rCP, and the deletion mutant capsids were elec-
trophoresed on 0.5% agarose gels and stained with
ethidium bromide (EtBr). Intense EtBr staining was seen
in all the cases including those of T 5 1 particles (Fig.
4A). EtBr-stained bands were also positive for Coomas-
sie staining, indicating that these were indeed nucleo-
capsids (Fig. 4B). In agreement with the sucrose density
gradient analysis, two species of capsids were observed
with CPN36 samples (Figs. 4A and 4B, lane 4). Interest-
ingly, when the two species separated by linear log
sucrose density gradient centrifugation were run on 0.5%
agarose gels, it was observed that the band with slower
mobility corresponded to lower sedimentation coefficient
of 42S and the band with faster mobility corresponded to
particles of 76S (data not shown). Figure 4C depicts the
agarose gel electrophoresis of the nucleic acid isolated
from rCP capsids along with that of native SeMV. As
apparent, the rCP capsids encapsidated nucleic acid of
;3 kb. A faint band corresponding to ;0.9 kb was also
seen when the gel was overloaded (data not shown).
When this gel was treated with ribonuclease A, the
genomic RNA band from the native virus as well as the
nucleic acid bands from the rCP capsids disappeared,
indicating that the rCP capsids preferentially encapsi-
dated RNAs of ;3 and ;0.9 kb (Fig. 4D). The most
abundant 3-kb RNA in E. coli cells is 23S rRNA. There-
fore, the isolated RNA was probed with radiolabeled 23S
rRNA gene-specific probe and intense signals were ob-
served (Fig. 4E, slots 1–4). Absence of 23S rRNA in the
native capsids (Fig. 4E, lanes 5–8) showed that specific
encapsidation of the genomic RNA had occurred in the
infected plants. Similar slot blot analysis with the RNA
isolated from CPN22, CPN36, and CPN65 showed that all
these had encapsidated 23S rRNA or its degraded frag-
ments (data not shown). Recombinant capsids produced
by the expression of several viral CPs in heterologous
systems often encapsidate a small amount of CP mRNA
(Schneemann et al., 1993; Agarwal and Johnson, 1995;
Sastri et al., 1997; Dong et al., 1998; Joseph and Savithri,
1999). Therefore, the observed ;0.9-kb RNA species
215ASSEMBLY OF SESBANIA MOSAIC VIRUSFIG. 4. (A and B) Agarose gel analysis of the purified capsids. (A) Agarose gel visualized under UV light after staining with EtBr. Lane 1, native
capsids; lanes 2–5 correspond to capsids of rCP, CPN22, CPN36, and CPN65, respectively; lane 6 SeMV T 5 1 capsids (prepared by trypsin
treatment). (B) As in (A) and stained with Coomassie brilliant blue. (C and D) Agarose gel analysis of the isolated RNA from purified rCP capsids. (C)
The RNA from the native SeMV capsids and the rCP capsids isolated and analyzed on 1% agarose gels as described under Materials and Methods.
Lane 1, DNA molecular weight markers; lane 2, RNA isolated from the native SeMV capsids; lane 3, RNA isolated from the recombinant rCP capsids.
(D) As in (C) after treating the gel with 100 mg/ml RNase A for 2 h. (E and F) Slot blot analysis of the RNA isolated from the recombinant capsids. (E)
Approximately 10 mg of the RNA isolated from the rCP, native capsids, and E. coli cells (with out any CP expression construct) was serially double
diluted and blotted onto nylon membranes using a vacuum blot manifold. The blot was UV crosslinked and probed with radiolabeled 23S rRNA gene
specific probe as described under Materials and Methods. Slots 1–4, RNA isolated from the rCP capsids; slots 5–8, RNA isolated from native SeMV;
slots 9–12, RNA isolated from E. coli cells. (F) Same as in (E) and probed with radiolabeled CP gene specific probe. (G and H) Northern analysis of
the RNA isolated from native and recombinant capsids. RNA was isolated from 200 mg of each kind of capsid and was suspended in 50 ml of sterile
water. An aliquot of 10 ml RNA isolated was heated to 65°C in the presence of 50% v/v formamide and electrophoresed on 1% TBE agarose gel and
stained with 0.05% ethidium bromide. The RNA separated on agarose gel was electrophoretically transferred onto the nylon membrane and Northern
analysis was performed (see Materials and Methods). (G) Blot hybridized with 23S rRNA specific gene probe. Lane 1, RNA isolated from native SeMV
capsids; lane 2, RNA isolated from rCP capsids; lane 3, CPN22 capsids; lane 4, CPN36 76S capsids; lane 5, CPN36 42S capsids; lane 6, CPN65 42S
capsids; lane 7, Total RNA isolated from E. coli. The band corresponding to 23S rRNA is indicated by arrow. (H) As in (G) but hybridized with CP
gene-specific probe. The band corresponding to CP gene is indicated by an arrow.
216 LOKESH ET AL.could correspond to CP mRNA. To test this, slot blot
analysis of isolated RNA was carried out using radiola-
beled CP gene-specific probe. Intense bands were ob-
served in slots corresponding to the RNA isolated from
rCP capsids, suggesting that CP mRNA was also encap-
sidated in these capsids (Fig. 4F). Interestingly, slot blot
analysis of RNA isolated from CPN22, CPN36, and
CPN65 showed that they also encapsidated the CP
mRNA (data not shown). The encapsidation of 23S rRNA
as well as CP mRNA was further confirmed by Northern
analysis. The RNA isolated from rCP, CPN22, CPN36, and
CPN65 capsids showed diffuse bands when probed with
23S rRNA-specific probe (Fig. 4G, lanes 2–6). These
capsids also showed CP mRNA specific bands in the
Northern blots (Fig. 4H, lanes 2–6). However, the amount
of RNA encapsidated in the CPN65 capsids was low
compared to the others. Interestingly, CPN36 capsids
that lacked N-ARM also encapsidated substantial
amounts of 23S rRNA as well as CP mRNA (Figs. 4G and
4H, lanes 4 and 5). However, the native virus encapsi-
dated the subgenomic CP mRNA (Fig. 4H, lane 1) and not
23S rRNA (Fig. 4G, lane 1). These results establish that
the rCP and the N-terminal deletion mutant capsids en-
capsidate 23S rRNA and the CP mRNA or their degraded
products. Absence of empty capsids suggests that SeMV
is stabilized by protein–RNA interactions. The ability of
truncated CP to form capsids containing RNA suggests
that the sites of protein–RNA interaction are also present
in segments outside the N-terminal 65 amino acids of the
CP.
RNase treatment of the capsids in the presence and
absence of EDTA
To investigate the capsid swelling leading to accessi-
bility of internal RNA, the native and recombinant cap-
sids were treated with RNase A in the absence and
presence of EDTA. In the presence of 1.5 mM EDTA, a
large increase in the intensity of ethidium bromide stain-
ing was seen in native SeMV (Fig. 5A, compare lanes 1
and 5), indicating that the capsids were swollen upon
removal of calcium ions present at the subunit interfaces,
thus allowing ethidium bromide to penetrate the virions.
The swollen virions also had a slower mobility (Fig. 5A,
lane 5). The RNA in the native capsid was degraded by
RNase in the absence of EDTA to some extent (Fig. 5A,
lanes 2–4) but increased susceptibility was observed in
the presence of EDTA (Fig. 5A, lanes 6–8). On the other
hand, rCP and deletion mutant capsids showed no vari-
ation in either ethidium bromide staining or mobility in
the presence and absence of EDTA, indicating that these
capsids were already present in a conformation that
allowed stain penetration (compare lanes 1 and 5 in Figs.
5B–5E). Further, the RNA present in the rCP capsids was
largely digested by RNase even in the absence of EDTA
(Fig. 5, lanes 2–4), with a marginal increase in the degreeof digestion in the presence of EDTA (Fig. 5B, lanes 6–8).
CPN22 capsids behaved similar to the native SeMV cap-
sids and became more sensitive to RNase after treat-
ment with EDTA (Fig. 5C, lanes 6–8). In the case of
CPN36 capsids, the RNA encapsidated in species with
slower mobility (42S) was sensitive to RNase (Fig. 5D,
lane 2). However, this degradation of RNA from the 42S
capsids did not lead to capsid instability, as apparent
from the corresponding Coomassie-stained gels (Fig. 5F,
lanes 2–4). Surprisingly these capsids were extremely
sensitive to EDTA (Fig. 5D, lanes 5–8 and Fig. 5F, lanes
5–8). The RNA present in the faster moving species (76S)
was sensitive to RNase only in the presence of EDTA
(Fig. 5D, lanes 6–8). These capsids behaved similar to
native SeMV capsids in this respect. The RNA in the
CPN65 capsids was also more sensitive to RNase upon
addition of EDTA (Fig. 5E, lanes 6–8).
Urea treatment of SeMV and recombinant capsids
The stability of the native and recombinant capsids
were tested by incubating them with varying concentra-
tions (0–8 M) of urea at room temperature followed by
analysis on agarose gels. The native SeMV particles
were stable up to 3 M urea. At 4 M urea, most native
RNA–protein interactions were significantly altered and a
large amount of the RNA was present in loading well as
an ill-defined protein–RNA aggregate (Fig. 6A). However,
when the same gel was stained with Coomassie blue, it
was observed that a major proportion of the capsid
FIG. 5. Effect of RNase on the recombinant and native capsids in the
presence and absence of 1.5 mM EDTA. The native and recombinant
capsids (2mg/ml) were incubated with RNase at a final concentration of
10, 20, and 40 mg/ml in the presence or absence of 1.5 mM EDTA for 1 h
at room temperature and were analyzed on 0.5% agarose gel electro-
phoresis as described above. (A–E) Capsids of native SeMV, rCP,
CPN22, CPN36, and CPN65, respectively. Lane 1, control with no EDTA
or RNase A; lanes 2–4, capsids treated with 10, 20 and 40 mg RNase A,
respectively, without EDTA; lane 5, capsids treated with 1.5 mM EDTA;
lanes 6–8, capsids treated with 10, 20, and 40 mg/ml RNase A in the
presence of 1.5 mM EDTA. (F) As in (D), dried and stained with Coo-
massie brilliant blue.preparation still appeared intact even up to 6 M urea.
These results indicate that loss of RNA–protein interac-
217ASSEMBLY OF SESBANIA MOSAIC VIRUStion may be the first step in the disassembly of the virus
(Figs. 6A and 6B). The recombinant capsids were stable
up to 5 M urea, and above 6 M urea a slight change in
the mobility of the capsids was observed (Figs. 6C and
6D). Similarly, the CPN22 and CPN65 capsids were sta-
ble up to 5 M urea (data not shown). The 76S CPN36
capsids (with faster mobility on agarose gels) were sta-
ble up to 4 M urea. Surprisingly, the 42S CPN36 capsids
were stable even at 8 M urea (Figs. 6E and 6F). The
majority of the recombinant capsids still retained the
RNA even at a high-urea concentration, indicating that
RNA–protein interaction in these capsids may be strong
and different from those of native capsids. It may be
concluded that the recombinant capsids are more stable
to urea denaturation compared to the native virions.
Molecular models for particles containing 60 and 120
subunits
The structure of the native SeMV is known at 3 Å
resolution (Bhuvaneswari et al., 1995) and provides the
starting point for constructing plausible models for other
assembly products. Assuming that at least some of the
intermolecular interactions found in the native structure
are retained in the assembly products, it is possible to
construct T 5 1 arrangement of protein subunits by
retaining 12 pentamers or 30 dimers (CC dimers related
by icosahedral two-fold or AB dimers related by quasi
two-fold). The structure with CC dimers forms a contin-
uous noncovalently bonded protein subunits with large
FIG. 6. (A–F) Denaturation of the native and recombinant capsids by
urea. The native and recombinant capsids (2 mg/ml) were incubated
with 0–8 M urea in 50 mM sodium acetate buffer pH 5.5 containing
0.01% of sodium thioglycolate for 1 h at room temperature and were
analyzed by 0.5% agarose gel electrophoresis. The EtBr-stained aga-
rose gels were first visualized under UV light (A, C, and E). This was
followed by drying and staining with Coomassie brilliant blue (B, D, and
F). Lane 1, control (no urea); lanes 2–9 correspond to capsids incubated
with 1, 2, 3, 4, 5, 6, 7, and 8 M urea. (A, B) Native SeMV; (C, D) rCP; (E,
F) CPN36 capsids.holes corresponding to the position of A and B subunits.
This structure is unlikely to be stable apart from pos-sessing a diameter equivalent to the native virus, which
is larger than the value observed for CPN65 capsids.
Trials of generating closely packed subunits starting
from quasi AB dimers were not successful. In contrast, it
was straightforward to generate a densely packed T 5 1
capsid starting from 12 pentamers. The rotation required
about the five-fold was 36o (half the throw angle of
five-fold symmetry). Translation of pentamers by 55 Å
toward the viral center resulted in close molecular pack-
ing of the pentameric units without steric repulsion. This
model (Fig. 7A) closely resembles the experimentally
determined structure of SBMV T 5 1 particles (Erickson
et al., 1985). Similarly, capsids containing 120 copies of
protein subunits satisfying icosahedral symmetry might
be generated by retaining either the AB dimers or the BC
hexamers. These particles correspond to T 5 1 arrange-
ment with dimers in the icosahedral asymmetric unit
(pseudo T 5 2 particles). Five AB dimers occur at the
icosahedral five-fold axes and these dimers with disor-
dered amino terminal arms are likely to represent the
more favorable dimeric structure in solution when com-
pared to CC dimers. Starting from the five AB dimers at
the icosahedral five-folds, it was fairly easy to construct
a capsid with 120 well-packed subunits. After removing
the CC dimers, the 10-mer at each isocahedral five-fold
was rotated by 5o and translated toward the virus center
by 25 Å. In the resulting model, all pentameric and quasi
dimeric contacts of the native capsids are retained. At
the icosahedral three-fold, new but very well packed
contacts are generated (Fig. 7B). In contrast, construct-
ing a pseudo T 5 2 capsid using BC hexamers requires
breaking AB dimer structure and assembling BC hexa-
mers. Due to the ordered arms of C subunits, a structure
based on 20 hexamers of BC subunits at the icosahedral
three-folds cannot be transformed to fill the gaps created
by the removal of A subunits without further conforma-
tional changes. The diameters of T 5 1 (constructs from
AA5 pentamers) and pseudo T 5 2 (constructs from AB
dimers) are 18 and 22 nm, respectively. These values
agree well with the values obtained for 42S CPN36,
CPN65, SeMV T 5 1 particles and 76S CPN36 particles,
respectively.
DISCUSSION
In the present study, systematic deletions at the N-
terminal arm of SeMV were made to decipher the role of
the N-ARM in the assembly of the virus. The recombinant
coat protein of SeMV self-assembled into capsids with
slightly larger diameter and higher sedimentation coeffi-
cient (124S) when compared to the native virus (Figs. 2
and 3). The use of 23S rRNA and CP mRNA probes
established that these capsids encapsidate both the 23S
rRNA and the CP mRNA (Fig. 4). However, encapsidation
of other cellular RNAs such as 16S rRNA cannot be
excluded. In infected plants only the genomic and the
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there is a preferential encapsidation. A comparison of
the 23S rRNA and SeMV genomic RNA did not reveal any
sequence similarity. The size of the 23S rRNA, its rela-
tively high abundance, and its extensive secondary
structure could account for the encapsidation of 23S
rRNA in the recombinant capsids. The architecture of
these capsids are perhaps different from that of the
native virions as the RNA encapsidated by them was
more amenable to ethidium bromide staining and RNase
digestion (Fig. 5B). Also these capsids were more stable
to denaturation by urea. In contrast, CPN22 capsids were
less susceptible to RNase digestions (Fig. 5C). The com-
pact structure of these capsids (Table 2) could account
for the observed differences.
The CPN36 mutant protein lacking the N-ARM formed
two types of particles with diameters of 22 6 1.6 and
17.5 6 1.5 nm and sedimentation coefficients of 76S and
42S, respectively (Table 2). These results clearly demon-
strate that the removal of N-ARM leads to a drastic
reduction in particle size and sedimentation coefficient.
The 42S capsids correspond to T 5 1 particles. On the
other hand, 76S particles had intermediate diameter
(22 6 1.6 nm) and S value when compared to those of
T 5 3 and T 5 1 SeMV particles. It is likely that they
represent nucleoprotein complexes with pseudo T 5 2
structure that contain 120 subunits. Molecular modeling
of pseudo T 5 2 and T 5 1 particles starting from the
native SeMV T 5 3 structure lead to stable, compact
capsids of diameters 22 and 18 nm, which is in good
agreement with the observed diameters for CPN36 72S
and CPN36 42S capsids, respectively. The presence of
stable T 5 2 particles made of 12 pentamers of AB
dimers in the CPN36 mutant supports the Rossmann
model (Rossmann et al., 1983) for assembly in which
pentamers of AB dimers nucleate the assembly at the
icosahedral five-folds and interactions with RNA and
addition of CC dimers would complete the capsid struc-
ture (Fig. 7C). Thus, the N-terminal 36 amino acid resi-
dues play a critical role in controlling the assembly of
SeMV. In its presence, only T 5 3 particles with RNA are
observed, in its absence T 5 2 and T 5 1 particles with
RNA are predominant (Fig. 7C).
T 5 2 arrangement has also been observed in the
crystal structure of blue tongue virus (Grimes et al., 1998)
and orthoreovirus core (Reinisch et al., 2000) and such
T 5 2 particles have been proposed in the case of BMV
(Krol et al., 1999) and CCMV (Zlotnick et al., 2000). It was
suggested on the basis of assembly studies on BMV
(Krol et al., 1999; Choi and Rao, 2000) and FHV (Dong et
al., 1998; Marshall and Schneemann, 2001) that the type
FIG. 7. Stereo snapshots showing (A) organization of three pentamer
(B) organization of three pentameric AB dimers of CP subunits at quasi three-f
in green and the B subunits are represented in red. (C) Proposed model forand size of RNA dictates the architecture of the assem-
bled particles. However, in the case of SeMV the N-
terminal 36 amino acid residues seem to be responsible
for switching the size of the assembled particles. It
would be of interest to study the assembly behavior of
the rCP and the deletion mutants of SeMV CP when
coexpressed in the presence of replicating RNAs.
Deletion of N-terminal amino acid residues encom-
passing the N-ARM in CCMV, BMV, and CMV resulted in
disruption of T 5 3 assembly (Zhao et al., 1995; Rao and
Grantham, 1996; Schmitz and Rao, 1998). Systematic
deletion of 11, 26, 30, 34, 35, and 39 amino acids from the
N-terminus of the PhMV CP, which lacks the N-ARM,
showed that the N-terminal 30 amino acids are dispens-
able for T 5 3 capsid assembly (Sastri et al., 1997, 1999).
A comparison of the crystal structure of the native and
recombinant capsids of PhMV has confirmed these re-
sults (Krishna et al., 1999, 2001). In contrast, the N-ARM
in SeMV CP plays a distinctive role in the assembly of the
capsids and dictates the size of the assembled particles.
Removal of the N-ARM along with the b-annulus results
in the formation of T 5 1 particles with a diameter of
17.5 6 1 nm (Figs. 3G and 7C). Interestingly, these T 5 1
particles also encapsidated 23S rRNA and a small
amount of CP mRNA. The encapsidation of the RNA
suggests that interactions other than N-terminal arm are
important for the formation of nucleoprotein complex. A
search for such residues in CP by an examination of the
native structure indicated that arginine 124, 162, 183, and
lysine 202 might be involved in these interactions.
The results presented in this article demonstrate, for
the first time, that rCP capsids of SeMV encapsidate the
23S rRNA and CP mRNA. All the mutant capsids encap-
sidate RNA emphasizing the role of RNA–protein inter-
actions in the assembly of SeMV. The architecture of the
nucleoprotein complexes formed is governed to a large
extent by the amino acid sequence of the coat protein at
the N-terminus.
MATERIALS AND METHODS
Virus, plasmids, cDNA clones, and bacterial strains
SeMV (Native virus) was propagated on S. grandiflora
plants maintained in a greenhouse and purified as de-
scribed earlier (Lokesh et al., 2001). The expression
vector pRSETA was obtained from Invitrogen Inc. and
pSBETA vector was kindly provided by Hans Steinbiß
(Max Planck Institute, Germany). DH5a (BRL) was used
for the propagation of all the plasmid constructs.
BL21(DE3), BL21(DE3)pLysS, or BL21(DE3) containing
pSBETA were used as hosts for protein expression.
ers of CP subunits at icosahedral three-folds in modeled T 5 1 capsid.ic clust
olds in the modeled pseudo T 5 2 capsid. A subunits are represented
assembly of SeMV and its recombinant capsids.
220 LOKESH ET AL.cDNA clones pC38 and p18/2 (Lokesh et al., 2001) in
pBluescript KS1 (Stratagene, La Jolla, CA) were used for
generating a clone containing full-length CP.
Cloning of the coat protein gene in pRSETA
expression vector
The SeMV CP gene was split between two overlap-
ping cDNA clones that were constructed earlier (Lokesh
et al., 2001). The clone pCP11 containing the complete
CP gene (810 bp) generated from the overlapping clones
was used as the template (50 ng) for PCR amplification of
the full-length and deletion fragments of the CP gene.
The CP gene was PCR amplified using the primers SeM-
VCPNT and SeMVCPCT (25 pmol, Table 1) and Vent DNA
Polymerase (1 u/100 ml reaction volume). The PCR prod-
uct was digested with BamHI and cloned in pRSETA
expression vector at end-polished NdeI and sticky
BamHI sites, resulting in the clone prCP, which was
confirmed by restriction analysis and DNA sequencing.
T
Description of Oligonu
Designation Sequence (59 to 39)
SeMVCPNT TGGCGAAAAGGCTTTCGAAACAA
SeMVCPCT TTACGGATCCTCAGTTGTTCAGGGC
SeMVCPN22 CTAGCTAGCCATATGCAGCCGAAAGCTGGGCGG
SeMVCPN36 CTAGCTAGCCATATGTCTGCTGTGCAGCAGCTTC
SeMVCPN65 CTAGCTAGCCATATGGCTGTGAGTAGCTCGCGCC
SeMVCPNdesen CTATCCACATGGGGTTCC
SeMVCPNdeanti GGAAACCCATGTGGATAG
TABLE 2
Diameters and Sedimentation Coefficients (S Values) of Various
Capsids Determined as Described under Materials and Methods
Capsid particles
Diameter in nm as
measured from
electron micrographs
S value estimated as
described by Brakke
and van Pelt (1970)
SeMV native capsids 27.0 6 1 114 S
rCP capsids 30.5 6 2 124 S
N22CP capsids 25.5 6 2.5 118 S
N36CP capsids Peak I 22 6 1.6 76 S
N36CP capsids Peak II 17.5 6 1.5 42 S
N65CP 17.5 6 1.6 42 S
SeMV T 5 1 capsids 18.5 6 1.0 44 SConstruction of deletion mutants of SeMV CP
For generating CP deletion constructs lacking 22, 36,
and 65 amino acids from the amino terminus, the CP
gene present in pCP11 was PCR amplified with either of
SeMVCPN22, SeMVCPN36, SeMVCPN65 primers and
SeMVCPCT (Table 1), which resulted in 0.75-, 0.7-, and
0.65-kb fragments, respectively. These PCR fragments
were digested with NheI/BamHI and cloned at NheI/
BamHI sites of pRSETA to obtain deletion constructs
pCPNH22, pCPNH36, and pCPNH65. The proteins ex-
pressed from these constructs would have 14 amino
acids extra at N-terminus from the vector, including six
histidines. These constructs had three NdeI sites, one
derived from the multiple cloning sites of the vector, the
other two from the CP gene, one at the N-terminus and
the other in the middle. To obtain deletion mutants of
SeMV CP without any extra amino acids, the internal
NdeI site present in the CP gene in all these deletion
constructs was abolished by PCR-based site-directed
mutagenesis technique (Weiner et al., 1994) using the
primers SeMVCPNdesen and SeMVCPNdeanti (Table 1).
The deletion constructs lacking the internal NdeI site
were digested with NdeI to release 42-bp fragment, fol-
lowed by religation. The clones lacking NheI site (due to
removal of the 42-bp fragment containing the NheI site
from the vector) were selected and sequenced to confirm
removal of nucleotide sequence coding for six histidines
and eight extra amino acids. These constructs were
named pCPN22, pCPN36, and pCPN65.
Purification of recombinant capsids
The recombinant plasmid constructs of pSETCP,
es Used in This Study
Description
Sense primer used for the PCR amplification of SeMV CP gene.
Antisense primer used for PCR amplification of SeMV CP gene,
BamHI site underlined.
Sense primer used for the PCR amplication of SeMVCP gene
lacking 22 amino acids from the N-terminus, NheI site
italicized and NdeI site underlined.
Sense primer used for the PCR amplification of SeMVCP gene
lacking 36 amino acids from the N-terminus, NheI site
italicized and NdeI site underlined.
Sense primer used for the PCR amplication of SeMVCP gene
lacking 36 amino acids from the N-terminus, NheI site
italicized and NdeI site underlined.
Sense primer used for abolishing internal NdeI site in the
CP gene.
Antisense primer used for abolishing internal NdeI in the
CP gene.ABLE 1
cleotid
AGGCG
AGCC
GCGGpCPN22, pCPN36, and pCPN65 were transformed into E.
coli BL21 (DE3) cells harboring pSBETA vector. Bacte-
221ASSEMBLY OF SESBANIA MOSAIC VIRUSrial colonies were selected on kanamycin/ampicillin
plates and used for induction of the proteins using 1
mM IPTG (Studier and Moffat, 1986). After 3–4 h of
induction, the cells (from 1 L culture) were harvested
by centrifugation and resuspended in 50–60 ml of 50
mM sodium acetate buffer pH 5.5 containing 0.01% of
sodium thioglycolate (SAT). The cells were disrupted
on ice bath by pulses of sonication using macroprobe
(Vibracell) for 30–45 min. The insoluble fraction of the
lysate was removed by centrifugation at 27,000 g for 30
min. The supernatant was subjected to high-speed
pelleting at 145,200 g for 1 h 30 min in a Sorvall T1250
rotor. The capsid pellet was resuspended in 6 ml SAT
buffer and 2 ml each was layered on 10–40% pre-
formed sucrose gradient in 32-ml centrifuge cups and
centrifuged at 140,000 g for 3 h in Sorvall AH629 rotor.
After centrifugation, 1.5-ml fractions were collected
from the bottom of the gradient and absorbance at 280
nm for each of the fractions was measured. The frac-
tions were also analyzed by SDS–PAGE. SeMV CP was
distributed as broad peak. Only peak fractions were
pooled and subjected to high-speed pelleting for 1 h
30 min at 145,200 g in a Sorvall T1250 rotor. The pellet
was resuspended in SAT buffer and was again layered
on 10–40% preformed sucrose gradient and centri-
fuged as described above. The final pellet obtained
after high-speed centrifugation was resuspended in
1–2 ml of SAT buffer and stored at 4°C. The purity of
the capsids was analyzed by SDS–PAGE (Laemmli,
1970).
Preparation of T 5 1 particles of SeMV
SeMV (50 mg/ml) was swollen in the presence of 20
mM EDTA in 100 mM Tris buffer pH 8 by incubating on
ice for 1 h. Trypsin (1 mg) was added to the swollen
virions (1 mg) and incubated at 4°C for 1 h. The trypsin-
digested swollen virions were layered onto 10–40% su-
crose density gradient and centrifuged at 140,000 g for
3 h in a Sorvall AH629 rotor. The light scattering zone that
sedimented at the top of the gradient in comparison to
native virions was collected and subjected to high-speed
pelleting for 1 h 30 min at 145,200 g in Sorvall T1250
rotor. The pellet was resuspended in SAT buffer and
stored at 4°C.
Agarose gel electrophoresis of recombinant and
native capsids
The native and recombinant capsids (2 mg/ml) were
analyzed on 0.5% w/v agarose gels prepared in 0.1 M
Tris–Maleate buffer pH 6.5 containing 0.001% ethidium
bromide. The electrophoresis was carried out in the
same buffer at a constant power of 10 W for 1 h. They
were first visualized and documented under UV light
using Bio-Rad Gel Doc 1000 imaging system and then
dried and stained with Coomassie brilliant blue R250.N-terminal sequencing of the deletion mutants
To determine the N-terminal amino acid sequence of
the recombinant proteins, the proteins were separated
by SDS–PAGE (12% polyacrylamide). The proteins were
transferred to PVDF membranes and stained with 0.05%
w/v ponceau S in 0.1% acetic acid (Matsudaira, 1987).
The appropriate bands were cut, destained, dried, and
loaded on to Shimadzu gas-phase sequenator PSQ-1.
Electron microscopy and particle imaging
For electron microscopic studies, the native and re-
combinant capsids were examined using a Jeol 2003
transmission electron microscope after negative staining
with 1% uranyl acetate and photographed at a magnifi-
cation of 100,0003. The negative film was developed and
digitalized in tiff image format using Bio-Rad Gel Doc
1000 imaging system. The diameter of the particles were
measured using an in-built measuring tool of Adobe
PhotoShop 5.0 software running on Intel Pentium III plat-
form equipped with 16-MB graphics display on a flat
screen monitor.
Radiolabeled probes
A 1.4-kb DNA fragment was released upon double
digestion with PvuII and BssH II from plasmid clone
pRrn1 that contains the ribosomal RNA operon of E. coli
(kindly provided by Dr. Wintermeyer, University of Witten,
Germany). The fragment specific to 23S ribosomal RNA
was 32P-labeled by random primer method (Feinberg and
Vogelstein, 1983) and purified through Sephadex G-50
spin column as described by Sambrook et al. (1989). The
CP gene of SeMV was radiolabeled by PCR method
using the primers SeMVCPNT and SeMVCPCT. The la-
beled PCR product was purified through Sephadex G-50
spin column.
Protein estimation, RNA isolation and estimation,
Northern and slot blot analyses
The amount of protein in native and purified recombi-
nant capsids was estimated by the Lowry method (Lowry
et al., 1951). Two hundred micrograms of protein (100 ml)
was taken for isolating the RNA from the capsids. To this,
an equal volume of RNA isolation buffer containing 50
mM Tris pH 8.0, 10 mM EDTA, and 1% SDS was added
and incubated for 5 min at 37°C followed by extraction
with TRIZOL reagent (Life Technologies) and chloroform–
isoamyl alcohol (24:1) according to the manufacturer’s
instructions. The RNA was precipitated with 0.8 vol iso-
propanol, washed with 70% ethanol, and suspended in
50 ml sterile RNase-free water. The amount of RNA iso-
lated was estimated spectrophotometrically by assuming
1 OD at A260 corresponds to 33 mg RNA. The isolated
RNA was used for slot blot and Northern analysis (Sam-
brook et al., 1989).
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